Metallic nanoparticles can be used as basic materials for a wide variety of purposes including building blocks for nanoassemblies, substrates for enhanced spectroscopies such as fluorescence and Raman and as labels for biomolecules. In the present paper, we report how silver and gold nanoparticles can be functionalized with specific biomolecular probes to interact in a specific manner with a target molecule to provide a change in the properties of the nanoparticles which can be measured to indicate the molecular recognition event. Examples of this approach include DNA hybridization to switch on SERRS (surfaceenhanced resonance Raman scattering) when a specific target sequence is present, the use of nanoparticles for in vivo SERRS imaging and the use of nanoparticles functionalized with antibodies to provide a new type of immunoassay. These examples indicate how nanoparticles can be used to provide highly sensitive and informative data from a variety of biological systems when used in combination with SERRS.
Introduction
SERRS (surface-enhanced resonance Raman scattering) is an extremely sensitive detection technique, with single-molecule detection reported [1] [2] [3] . SERRS is a more sensitive technique than fluorescence for the detection of labelled DNA when using standard laboratory-based equipment [4] . But the main advantage over fluorescence is that SERRS spectra contain sharp vibrational bands, giving fingerprint spectra which are molecularly specific, whereas fluorescence spectra are broad and not unique to the analyte of interest. This means that SERRS has a huge advantage over fluorescence in that it can be used to easily discriminate between analytes in a mixture without lengthy separation steps [5] .
In short, SERRS is an advancement on the basic Raman effect that provides a vibrational spectrum of a molecule by measuring the difference in energy of scattered light from that of the incident light. Raman scattering is an inherently weak process with approx. 1 in every 10 6 photons being Raman-scattered. The benefit of Raman scattering is that some molecules scatter more strongly than others and as such can be seen in the presence of weak scatterers such as water. The intensity of the Raman-scattered light can be magnified by adsorbing the target molecule on to a roughened metal surface. A further enhancement can be observed if the molecule adsorbed on to the metal surface contains a chromophore with an electronic transition coincident with the excitation wavelength. This results in an enhancement factor of up to 10 10 for the Raman-scattered light, and enhancements of up to 10 14 have been reported [2] .
The sensitivity of SERRS would be of massive benefit in the fields of medicine by facilitating the early detection of disease states and direct detection of species within cells. However, to obtain effective SERRS, an analyte containing a chromophore must be adsorbed on to a suitably roughened metal surface. The preferred surface is aggregated silver nanoparticles since it gives good sensitivity; the aggregation is required to obtain maximum enhancement from the coupling of the surface plasmons. Also, to provide a resonance contribution, a chromophore coincident with the commonly used visible lasers must be employed [6] . Owing to these constraints, it is not always possible to analyse directly via SERRS, as not all species of interest contain a chromophore and also the molecule has to be within a few nanometres of the roughened metal surface. These are barriers to using SERRS as a biological detection technique; however, there are ways of overcoming these constraints by using functionalized nanoparticles which either have a permanent SERRS signal incorporated into them or which give a SERRS signal in response to a biological event or interaction.
Surface enhancement of Raman signals is only possible by using a metal that has a characteristic SPR (surface plasmon resonance) coincident with the excitation frequency. The SPR is the collective oscillation of conduction-band electrons across the surface, and any molecule within this band undergoes enhancement. Only a few metals have the necessary SPR band. Typically, only gold and silver are used because of their stability and strong enhancement properties; however, SERRS has also been reported from other metals, including platinum and copper [7] . The surface itself has to be roughened to facilitate the creation of 'hotspots' of electromagnetic enhancement, and it is within these areas that the greatest enhancement is obtained. A simple and easily prepared reproducible way of preparing gold and silver surfaces is to prepare colloidal suspensions of nanoparticles. Nanoparticles of gold and silver can be made by the reduction of a positively charged metal salt to the zero oxidation state of the pure metal using a reducing agent such as citrate or borohydride [8] . It is possible to alter the size and shape of the nanoparticle produced by careful alteration of the synthetic conditions used. When used in tandem with SERRS, nanoparticles work best when aggregated to generate clusters that produce hotspots in between the nanoparticles, resulting in the detection of ultra-low concentrations of analyte. Of the metal nanoparticles with which SERRS has been attempted, silver nanoparticles appear to give the lowest detection limits [9] .
Functionalized nanoparticles
Not all analytes, and particularly biological analytes, contain the necessary requirements to be detected directly using SERRS, namely a chromophore and the ability to be adsorbed on to a suitably roughened metal surface. This can be overcome by labelling the biomolecule directly using a SERRS-active dye label which can then be detected using SERRS [10] [11] [12] . However, another method which does not require direct labelling of the biomolecule is to use nanoparticles which have been labelled with a SERRS-active dye and a biomolecule which can then be used to detect the biomolecule of interest through a specific biological interaction [13] . The SERRS signal can either be a permanent SERRS signal where the location of the signal indicates the interaction taking place or the system can be designed such that the biological interaction 'turns on' the SERRS signal.
Metal nanoparticles can be functionalized with any number of different molecules via their attachment to the nanoparticle surface. The most commonly used attachment group is a thiol group, which has a strong affinity for both gold and silver surfaces, and a huge research effort has succeeded in adding a large range of biological molecules to nanoparticles. OGN (oligonucleotide-gold nanoparticle) conjugates were first reported in 1996 and have proved to be highly successful and have opened up a whole new field of biological nanochemistry [14] . These approaches are essentially signal amplification approaches with a view to carrying out PCR-less detection using oligonucleotides modified with gold nanoparticles which have been used for the colorimetric detection of low concentrations of a target DNA sequence. Visual differentiation between full complementarity and a single nucleotide polymorphism when used in a sandwich assay format has been reported [15] . The sandwich assay format relies on oligonucleotide functionalized nanoparticles being brought closer together due to hybridization to the target sequence, resulting in a shift in the SPR of the nanoparticles from red to blue, resulting in a colour change visible to the eye. This change is accompanied by an alteration of the hybridization chemistry of the oligonucleotides, making any melting transition achieved much sharper than nanoparticles that are free in solution.
Work within our group has extended this work to allow nanoparticles to be combined with oligonucleotide analogues such as LNA (locked nucleic acid) [16] . LNA is a commercially available oligonucleotide analogue that has a C3 -endo sugar pucker. Its conformationally restricted structure gives rise to improved base stacking ability and subsequently an increased thermal stability towards DNA. Gold nanoparticles functionalized with LNA have been shown to have a greater discrimination for a target containing a mismatch than regular OGN conjugates and have been used for detection of double-stranded DNA via parallel triplex formation, eliminating the need for denaturation of the duplex [16, 17] . We have also extended the research into nanoparticle conjugates by using silver nanoparticles rather than gold. Gold is used predominantly due to its increased stability over silver; however, silver is much brighter optically than gold, hence its desirability and why silver staining has been used previously to get lower detection limits. OSN (oligonucleotide-silver nanoparticle) conjugates have been shown to have the same biological characteristics as their gold analogues, but, owing to their larger molar absorption coefficient, result in a lower detection limit [18] .
We have combined the functionalization of silver nanoparticles with hybridization specificity of DNA to control the enhancement of Raman scattering from nanoparticles coded with a Raman-active dye through controlled assembly formation using DNA hybridization [19] . This approach differs from those reported previously in that a signal is only achieved when the molecular recognition event of DNA hybridization takes place. The secret to this approach is to maximize the enhancement from Raman-scattering molecules on nanoparticles to provide a state of aggregation of the silver nanoparticles and to place the Raman-scattering molecule in the interstices of the assembled nanoparticles, allowing it to experience the maximum enhancement. In order to do this, we pre-functionalized silver nanoparticles using a multifunctional SERRS-active dye. It comprises a chromophore in the form of an azo group, a surface complexing group, benzotriazole, and a negatively charged phenolic group to prevent non-specific electrostatic aggregation of nanoparticles [20] . This was added to the nanoparticles in a concentration in excess of that required to form a monolayer through complexation to the surface. A 5 -thiolated oligonucleotide probe containing a ten-adenine-base tether was then added to the silver nanoparticles. Two solutions of silver nanoparticles were prepared using this approach. Each contained different probe sequences, each complementary to half of the target sequence, but the same dye as the Raman tag for the nanoparticles (Figure 1) . By using silver nanoparticles to create the DOSN (dye-coded silver nanoparticle) conjugates the actual act of hybridization to the target sequence will result in the nanoparticles being pulled together in a state of controlled aggregation which will selectively turn on the surface-enhancement. Therefore the appearance of the SERRS spectrum is indicative that a hybridization event has taken place [19] . When different sequences attached to nanoparticles are mixed together, aggregation does not take place, and a weak SERRS signal is obtained. The plasmon band indicates that the nanoparticles are not aggregated. Addition of the complementary DNA sequence to cause assembly of the nanoparticles results in the plasmon coupling of the nanoparticles, as indicated by the molar absorption spectra, but, more significantly, a large increase in the SERRS is also observed. The nature of the signals indicates which specific coded nanoparticles have assembled, and hence which sequences have hybridized.
Cell mapping by SERRS
One of the fundamental benefits of biological analysis using SERRS is that it is a minimally invasive technique. No sampling needs to be done as the laser can be focused directly upon the target area. The next generation of diagnostic tests will involve testing by non-destructive methods. For analysis via SERRS, no sample preparation involving digestion need take place. With functionalized nanoparticles, SERRS can be carried out on living cells, analysing their genome or proteome for markers or viruses. The initial work in this field has involved using SERRS to probe cellular compartments, by visualizing the distribution of the common cell stain Giemsa, which consists of two dye components [21] (Figure 2) . In this example, cells were stained with Giemsa, then incubated with silver nanoparticles before fast-line mapping of the cells. The SERRS spectra are observed only where there is a combination of nanoparticles and stain. The stain is pretty uniform; however, the nanoparticles do not enter the nucleus and locate in different parts of the subcellular machinery. The significance of this is still under investigation; however, the ability to see SERRS signals within cells is the first step to more fundamental studies into cellular function and activity.
SERRS immunoassays
The final example of using SERRS for bioanalysis is that of immunoassays. The most common method of detecting with silver nanoparticles The images are false-colour images of the SERRS intensity of the major band from the stain. Obvious localizations of the nanoparticles can be seen, and the lack of signal from the nucleus indicates that they do not penetrate the nuclear membrane.
specific antibody binding is to use an ELISA. This involves a capture antibody immobilized on a surface which interacts with the target antigen and then a second antibody recognizes the immobilized antigen and forms a new complex. This second antibody is conjugated to a specific enzyme that is used to provide an indication of the biological recognition. A solution containing a substrate for the enzyme is washed over the surface complex, and, if the enzyme is present through the antibody interactions, a transformation of the substrate from colourless or non-fluorescent to coloured or fluorescent takes place. SERRS can be used in place of colorimetric or fluorescence detection. Two examples of this involve the addition of nanoparticles to standard ELISA assays for CRP (Creactive protein) [22] and PSA (prostate-specific antigen) [23] . In the case of CRP. the enzyme used was alkaline phosphatase coupled with BCIP (5-bromo-4-chloroindol-3-yl phosphate) which provided an excellent SERRS response than was quantitative and provided lower levels of detection that the common colorimetric response. The PSA assay used horseradish peroxidase and APTES (aminopropyltriethoxysilane) to provide a quantitative response from clinical samples and again provided an improvement in sensitivity compared with the standard and accepted PSA assay. This simple experimental change for both assays resulted in improved sensitivity, indicating the attractiveness of SERRS for bioanalysis.
Conclusions
SERRS can be used to provide analysis of DNA, cells and antigens with improved sensitivity and in a data-rich manner.
The requirement of SERRS for a metal surface does limit its applicability; however, in the situations where it can be used, it demonstrates significant advantages, and the work described briefly in the present paper is aimed to act as a stimulus to more studies that expand and investigate the use of SERRS for bioanalysis.
